Hemolytic anemia is a forme fruste of systemic lupus erythematosus (SLE), being observed months or even years before the onset of other clinical manifestations in some patients. We hypothesized that hemolytic anemia in those SLE-affected patients would identify a group of SLE pedigrees that share a high degree of genetic homogeneity. From 160 multiplex SLE pedigrees, we sought evidence for linkage in 35 (16 AfricanAmerican, 17 European-American, and 2 Hispanic) who had at least one SLE-affected patient with hemolytic anemia. Significant linkage was present at 11q14 in the 16 African-American pedigrees, yielding a maximum two-point logarithm of odds (LOD) score of 4.5 at D11S2002. The segregation pattern of SLE in these African-American pedigrees suggested a dominant mode of inheritance and, when maximized across penetrance and disease allele frequencies, produced a multipoint LOD of 4.7. Multipoint analysis yielded a multipoint heterogeneity LOD score of 3.6 (␣ ‫؍‬ 0.63), again with maximum LOD at D11S2002. Finally, markers typed 7 centimorgans to either side of D11S2002 achieved LOD scores of 3 or better by using the maximized model, supporting linkage to 11q14. Clearly, pedigree ascertainment based on select clinical manifestations is an important tool, capable of revealing otherwise cryptic genetic linkages in complex genetic diseases. Thus, we show strong evidence for an SLE susceptibility gene, SLEH1, near D11S2002 in African-American pedigrees multiplex for SLE that have at least one SLE-affected patient with hemolytic anemia.
S
ystemic lupus erythematosus (SLE) is a complex autoimmune disease characterized by autoantibody production and tissue injury. SLE has a prevalence rate of Ϸ40 cases per 100,000 individuals with onset typically occurring in women of childbearing age (female͞male, ratio 9:1) (1). African Americans are three times more likely to be affected than European Americans, manifest SLE at an earlier age, and have a clinically more severe phenotype than other American racial groups (2) (3) (4) .
Although the etiology of SLE is still undetermined, both genetic and environmental factors are involved. Evidence of a genetic component includes familial clustering (5) , s estimates between 10 and 20 (6, 7) , and higher concordance rates between monozygotic twins (Ͼ20%) relative to dizygotic twins and other full siblings (2-5%) (8) . Case-control association studies implicate numerous candidate gene loci including multiple alleles from the HLA region (reviewed in ref. 9 ), Fc␥ receptors (10) (11) (12) (13) , and complement components (14) (15) (16) (17) . In addition, SLE studies using inbred mouse strains suggest multiple susceptibility loci (18) (19) (20) (21) (22) (23) (24) (25) (26) .
SLE classification is based on an individual presenting any 4 of the 11 criteria set forth by the American College of Rheumatology (27, 28) . Consequently, the SLE phenotype is extremely heterogeneous. Nevertheless, several genome scans have identified SLE linkages suggesting SLE susceptibility genes (29) (30) (31) (32) (33) (34) (35) ; significant evidence of linkage [logarithm of odds (LOD Ն 3.3)] has been reported to seven different chromosomal regions (35, 36, ʈ) . However, for any particular study, there is a wide variation in the chromosomal locations identified. No doubt, genetic heterogeneity is at least partly responsible for the variations between studies and the evident genetic complexity of SLE.
Multiple genes are usually involved in complex diseases with alleles at any one locus making only small-to-moderate contributions to the total risk, thereby impeding their identification (37, 38) . Various combinations of contributing alleles at multiple genes may be important for individual patients, resulting in apparent disease phenocopies when any one gene is considered in isolation. Likewise, complexity may arise from a suboptimal definition of the phenotype (at least from the perspective of the capacity to identify genetic effects). A simpler genetic model involving fewer genetic effects may operate in a subset of the phenotype. In the present study, we chose to examine pedigrees containing at least one member affected with both SLE and hemolytic anemia to select a set of pedigrees with a more homogeneous phenotype and thereby increase our ability to detect significant evidence of linkage to genes that contribute to SLE susceptibility.
Hematologic abnormalities (hemolytic anemia, leukopenia, lymphopenia, and thrombocytopenia) are common manifestations in patients with SLE. Most patients exhibit anemia at some point during their disease course (39) . The causes of anemia in these patients may be of immune or nonimmune pathogenesis. Nonimmune hemolytic anemias include those anemias that are caused by chronic disease and present as normocytic or normochromic anemias with adequate stores of iron in the bone marrow (40) and are rarely life-threatening in SLE patients (41) .
Autoimmune hemolytic anemias (AIHAs) are a cause of anemia in 7-15% of SLE patients (42) (43) (44) (45) . Several clinical syndromes constitute the AIHAs, each being mediated by different autoantibodies (IgG or IgM) against red blood cells (46) . As a result of these autoantibodies, the red blood cells are destroyed prematurely in patients with AIHA, resulting in an inadequate number of circulating red blood cells. AIHA usually develops gradually in most patients, but on occasion may result in a rapidly progressive hemolytic crisis (47, 48) .
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Several studies suggest that AIHA is a forme fruste, the first isolated clinical presentation, of SLE in these patients (44, 47, 48 Studies of testicular cancer, multinodular goiter, and nonmedullary thyroid carcinoma already have revealed the power stratifying pedigrees by clinical manifestations has to detect previously unknown genetic linkages (49) (50) (51) (52) . Kokori et al. (53) suggested that AIHA may identify a particular subgroup of SLE patients because of an observed association with certain characteristic serologic and clinical manifestations. We used pedigree stratification to test the hypothesis that the presence of hemolytic anemia would identify a group of genetically homogeneous pedigrees in which significant genetic linkage to genes implicated in SLE would be identified. Two such linkages, at 1q24 and at 11q14, along with fine mapping support of the linkage to 11q14 are reported by using this approach.
Materials and Methods
Patients and Pedigrees. SLE patients and their families were enrolled in the lupus genetics study as described (30) . Medical records were obtained on each potential patient who also completed an extensive questionnaire and interview with a trained physician's assistant or registered nurse to determine clinical manifestations and establish diagnosis. A less comprehensive questionnaire was completed by unaffected family members to screen for the presence of SLE.
Multiplex SLE pedigrees that contained at least one member affected with both SLE and AIHA were selected from the collection of 160 pedigrees enrolled in the lupus genetic studies at the Oklahoma Medical Research Foundation. SLE-affected patients were considered to have AIHA if (i) there was evidence of red blood cell destruction noted in the medical records (a hemoglobin level below the normal range in the testing laboratory (usually Ͻ12 g͞dl) and a reticulocyte count above the upper normal limit for the testing laboratory) or (ii) a reticulocyte count could not be found in the available medical records, but the investigators considered the patient to have definite AIHA through the presence of a decreased hemoglobin level, a positive Coombs test, and diagnosis of AIHA by a physician. The resulting sample consisted of 35 pedigrees containing 195 individuals, 92 of whom were classified as people with SLE. Forty of the 92 SLE-affected patients had a positive history of AIHA (Table 1) .
DNA Isolation. After obtaining informed consent, blood samples and͞or buccal swabs were collected from each of the participants. Genomic DNA was isolated from peripheral blood mononuclear cells, buccal cell swabs, or Epstein-Barr virustransformed cell lines by using standard methods.
Genotyping. A total of 307 microsatellite markers were typed from the Version 8 Weber screening set (http:͞͞research. marshfieldclinic.org͞genetics͞sets͞Set8ScreenFrames.htm), which has an average marker spacing of 11 centimorgans (cM). Fine mapping was performed in the 16 African-American pedigrees with an additional 14 microsatellite markers with an average spacing of 4.2 cM across the region of interest at 11q14. Polymerase chain reactions were performed as described (33) .
Linkage Analysis. Before linkage analysis, sibling, half-sibling, and parent-offspring relationships were confirmed by using RELTEST (54, 55) . We chose to analyze the data by using parametric LOD score analysis and a conditional logistic regression technique for affected relative pairs because of their distinctive properties for detecting genetic linkages.
Parametric Linkage Analysis. Two-point LOD scores were calculated by using FASTLINK 4.1P and ANALYZE (56) (57) (58) . Six different inheritance models were assumed for the screening analysis: a dominant and recessive inheritance model, each using penetrance values of 50% in all participants, a dominant model using 90% penetrance in all participants, a recessive model using 100% penetrance in all participants, and a dominant and recessive mixed inheritance model, each with sex-specific penetrance values of 92 and 49% in females and males, respectively. LOD scores were maximized further over the penetrance and disease allele frequency functions to generate multipoint LOD scores.
Nonparametric Linkage Analysis. The multipoint conditional logistic analysis, as implemented in LODPAL (55, 59) , was performed on the affected relative pairs. This analysis was executed on all 35 pedigrees as well as the separate African-American and European-American subsets of pedigrees. Additional nonparametric linkage analysis was performed on all chromosome 11 markers in the 16 African-American pedigrees by using GENEHUNTER-PLUS (60) as described (35) to obtain heterogeneity LOD (HLOD) scores.
Statistical Analysis. A conservative reverse Bonferroni correction was used to correct for the multiple comparisons of using three ethnic groupings in the analysis. The original P value was multiplied by three to obtain the conservative, adjusted P value.
Results
Linkage Findings. Parametric analysis revealed one significant genetic linkage (LOD ϭ 4.5) and seven genetic linkages that surpassed the recommended threshold for suggestive linkage (LOD Ն 1.9) (ref. 37; Table 2 ). Several of the genetic linkages were racially specific. Two genetic effects at 1q21-22 (at Fc␥RIIA) and 13p11 (at D13S787) were present in the 17 European-American pedigrees, whereas the 16 AfricanAmerican pedigrees were linked to 5p15 (at D5S817) and 11q14 (at D11S2002). The effect at 1q24 (at D1S1589) was not racially specific.
Nonparametric analysis using the 67 affected relative pairs yielded eight regions that surpassed the threshold for suggestive linkage. Again, racial differences were observed. Four linkages (1q24, 6p12, 12q13, and 13p11) were present predominantly in the European Americans, whereas linkages to 1q21-22, 2q34, and 17p13 were present in all pedigrees ( Table 2 ). None of the identified linkages were specific to the African Americans when using the affected relative pair approach.
Identification of New Linkages. Most of the linkages identified in the present study have not been identified explicitly elsewhere. The linkage to 1q24 at D1S1589 (LOD ϭ 4.0) was one of the two most powerful linkage effects in this study and was identified in the 35 European-American-affected relative pairs (Fig. 1) . Linkage to 1q22-24 was identified previously at D1S1679 (33) , but this marker is 20 cM centromeric to D1S1589 and was identified in African Americans. How many genes for SLE occur in this region cannot be discerned from the data. However, that these effects are reasonably far apart and were detected in different racial groups is consistent with the possibility that these two linkages may identify different genes. In any case, this region seems to have complicated associations with SLE. The linkages to 2q34, 12q13, and 13p11 are also new to the present study.
Evidence for Linkage to 11q14. The linkage to 11q14 at D11S2002 (LOD ϭ 4.5) in the 16 African-American pedigrees was the most significant result identified. This is one of the largest effects reported to date using SLE as the phenotype (Figs. 2 and 3 ). The two-point LOD scores were obtained by using our standard screening dominant model with sex-specific penetrances (92 and 49% in females and males, respectively). Maximizing the parameters of this dominant model produced a multipoint LOD of 4.7, with penetrance values of 99 and 35% in the females and males, respectively, at ϭ 0 with 100% homogeneity, and a disease allele frequency of 2%. Because three different racial groupings were used in the analysis, we performed a reverse Bonferroni correction to correct for multiple comparisons. The original LOD of 4.7 (P ϭ 1.64 ϫ 10
Ϫ6
), once corrected (P ϭ 4.93 ϫ 10 Ϫ6 ), still surpassed the threshold for significance in a genome-wide scan (36) .
Coincidently, the markers placed in the 11q14 region were separated widely (Ϸ20 cM between markers). We therefore typed an additional 14 markers with an average spacing of 4.2 cM in the 16 African-American pedigrees (Fig. 4) . The maximum two-point LOD score remained at D11S2002. The two markers flanking D11S2002, D11S937 telomeric to and D11S901 centromeric to the main linkage effect, both achieved LOD scores of 3 using the maximized model (LOD ϭ 3.1 and 3.0, respectively), further strengthening the evidence for an SLE susceptibility gene in this region.
Multipoint HLOD score analysis provided further evidence of a susceptibility gene residing in this region. By using the maximized dominantly inherited model, the multipoint HLOD score was maximized at D11S2002 (HLOD ϭ 3.6) with 63% of the families estimated to be linked to this region (Fig. 5) . The one-unit-stepdown 95% support interval for the linked region reduced the region of interest from Ͼ20 cM in the initial screening of chromosome 11 to a 13-cM region at 11q14.
We used a resampling study to determine whether the results obtained for the 16 African-American pedigrees selected for AIHA were coincidental. We performed two simulation experiments directed at assessing the stratification strategy. We first randomly selected 16 pedigrees from the 160 available pedigrees 10,000 times without regard to ethnicity and calculated the LOD score at D11S2002 for each resampled set of 16 to determine an empirical distribution of LOD score results. We repeated this except the 16 were selected randomly from the 56 available African-American pedigrees. For the resampling regardless of ethnicity, we observed a mean LOD ϭ 0.6 (SD Ϯ 0.60). For the resampling specifically of African-American pedigrees, we observed a mean LOD ϭ 0.9 (SD Ϯ 0.86). When comparing the mean LOD of 0.9 to the LOD of 4.5 in the African-American hemolytic anemia pedigrees, a statistically significant difference was obtained ( 2 ϭ 19.0, 1df, P ϭ 1.3 ϫ 10
Ϫ5
). The results show that the screening LOD of 4.5 is unlikely to have occurred by chance and support the possible biological importance of stratification on race and hemolytic anemia.
Discussion
We selected a group of pedigrees based on the presence of hemolytic anemia with the purpose of decreasing genetic heterogeneity and identifying significant linkages involved in SLE susceptibility. Two significant linkages were identified: at 1q24 in the 17 European-American pedigrees and 11q14 in the 16 African-American pedigrees. The evidence of linkage on chromosome 11 was refined and strengthened by fine mapping. The data suggest the presence of an SLE susceptibility locus (SLEH1) on chromosome 11q14 in African-American pedigrees with at least one SLE-affected patient with hemolytic anemia.
AIHA is present in 7-15% of SLE patients (42) (43) (44) (45) . The present study identified 40 SLE patients with hemolytic anemia from a total of 374 (10.7%). Thus, the frequency of hemolytic anemia is not different from that reported in sporadic lupus.
Using the 35 pedigrees characterized by hemolytic anemia, we identified 15 linkage effects (using both maximum-likelihood model-based methods and the conditional logistic regression analysis) that surpassed the threshold of suggestive linkage (LOD Ն 1.9), with two surpassing the threshold for established linkage (LOD Ն 3.3). Only 2 of the 15 linkage effects were identified in all 35 pedigrees rather than dominating in one racial subset.
Three linkages identified in the present scan support linkages identified by other independent studies using SLE as the phenotype. The linkage effect at chromosome 1q21-22 with Fc␥RIIA was one of the most significant linkages identified using both the maximum-likelihood model-based method (LOD ϭ 2.3) as well as the affected relative pair analysis (LOD ϭ 3.0). Linkage to Fc␥RIIA was reported previously in 31 African-American pedigrees (30) and, in largely the same pedigrees, was observed later in a region of linkage identified by Gray-McGuire et al. (33) . In the present study, the linkage to Fc␥RIIA was identified predominately in the 17 EuropeanAmerican pedigrees but also was highly supported by all pedigrees when analyzed together.
A modest linkage effect at 5p15 was reported first by GrayMcGuire et al. (33) in all pedigrees. However, the linkage with D5S817 (LOD ϭ 2.1) in the present study is predominantly in the 16 African-American pedigrees. Gray-McGuire et al. (33) also reported epistasis between this marker and one at 4p16-15. Linkage at D5S1492 was identified independently in a collection of Swedish pedigrees (34) , but this effect is of weaker magnitude and is 14 cM telomeric to the linkage effect observed in the present study on chromosome 5.
A possible linkage to 6p12 at D6S2410 (LOD ϭ 2.3) was identified in the European-American-affected relative pairs. This effect is just centromeric to the HLA region, a region intensively studied by the lupus genetics group in Minnesota (29, 32) . Although not a marker explicitly studied by the Minnesota group, D6S2410 is only 0.5 cM from their linkage effect (D6S257 with LOD ϭ 3.1), thereby providing further evidence for linkage to this very interesting region of the genome.
Suggestive linkage to D11S2002 (LOD ϭ 2.1) was observed first by Moser et al. (30) in 31 African-American multiplex pedigrees that were not selected for a particular clinical manifestation. However, when 25 additional pedigrees were added, the evidence for linkage in 11q14 decreased to LOD ϭ 1.3 at D11S2002. Two comparisons support the important contribution made by pedigree stratification in the present study. First, the 40 African-American pedigrees not containing an SLE-affected patient with hemolytic anemia produced no evidence for linkage (LOD ϭ Ϫ12.6, as the highest LOD score produced under the six screening models). This result is in stark contrast to the LOD of 4.5 produced by the 16 African-American pedigrees containing an SLE-affected patient with hemolytic anemia. Second, the LOD ϭ 3.2 difference between the LOD of 1.3 in the total 56 African-American pedigrees and the LOD of 4.5 in the 16 African-American pedigrees stratified by hemolytic anemia is substantial. Indeed, both comparisons strongly suggest that the stratification strategy presented herein was successful in revealing a previously unidentified linkage at the 11q14 region.
Two genes mapped to the 11q14 region have mechanisms similar to genes already known to be involved in SLE pathophysiology: BCL1 and FADD. BCL1, a gene involved in chronic lymphatic leukemia (CLL), is an interesting candidate gene, because CLL has been associated with SLE as well as other autoimmune diseases (61) . FADD, or FAS-associated via death domain, interacts with FAS, a cell surface cytokine receptor involved in apoptosis. Overexpression of FADD in mammalian cells induces apoptosis (Online Mendelian Inheritance in Man accession no. for FADD is MIM 602457; see http:͞͞www.ncbi. nlm.nih.gov͞omim), and apoptosis has long been implicated in the pathogenesis of SLE (62) .
The linkages identified herein are lupus genes, because they were identified in pedigrees multiplex for lupus, and the analysis is performed by using lupus as the phenotype. Nonetheless, hemolytic anemia must be related to these genes in some way, because the pedigrees were selected based on an SLE-affected patient having a history of hemolytic anemia. None of the regions demonstrating linkage in the present study contained genes known to be linked to hemolytic anemia (AK1 at 9q31.12, G6PD at Xq28, HUS at 1q32, PFKL at 21q22.3, and PGK1 at Xq13.3; see www.citi2.fr͞cgi-bin͞ mug?tex1ϭhemolyticϩanemia&categor yϭ0&phenotypeϭ 0&classificationϭ0&clonedϭ 0&linkedϭ0). This is not surprising, however, because lupus was used as the phenotype.
In conclusion, we present evidence of an SLE susceptibility locus at 11q14 in African-American SLE pedigrees stratified on hemolytic anemia. The strategy presented herein demonstrates that pedigree selection used to decrease clinical heterogeneity may increase the genetic homogeneity in a complex phenotype and substantially improve the likelihood of identifying significant genetic effects.
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